The glucocorticoid component of the stress response has been the subject of intense scientific scrutiny because of the wide ranging pathological consequences resulting from excess glucocorticoid exposure, including mood and anxiety disorders, and cognitive impairment. Exposure to stress activates the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic adrenomedullary system, which are regulated by neuronal pathways, including the inhibitory GABAergic (c-aminobutyric acid) system. Approximately 60% of the variance in glucocorticod levels may be attributable to genetic individual differences. In the present study, 56 healthy subjects underwent genotyping to determine the influence of the T1521C single nucleotide polymorphism (SNP) in the GABA A a6 receptor subunit gene (GABRA6) on the hormonal and autonomic responses to psychological stress induced by the Trier Social Stress Test (TSST). Adrenocorticotropin (ACTH), cortisol, diastolic blood pressure, and mean blood pressure responses to the TSST were significantly greater in subjects homozygous for the T allele or heterozygous compared to subjects homozygous for the C allele. Behavioral data was collected employing the Revised NEO Personality Inventory (NEO PI-R); subjects homozygous for the C allele scored significantly lower on the Extraversion factor compared to subjects homozygous for the T allele or heterozygous. These results suggest that the T1521C polymorphism in the GABRA6 gene is associated with specific personality characteristics as well as a marked attenuation in hormonal and blood pressure responses to psychological stress.
Stress can be defined as any disruption of homeostasis. 1 Following disturbance of homeostasis, the principal adaptive responses are mediated by the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic adrenomedullary system, allowing the body to maintain physiological stability when coping with a variety of environmental challenges. This adaptive process is referred to as allostasis. 2 Individual variation in the stress response and the vulnerability to associated illnesses are influenced by environmental and genetic factors. Heritable influences account for approximately 62% of the etiological variance in the glucocorticoid response to stress. 3 To date, no common polymorphisms have been identified that are associated with marked differences in cortisol responses to stress.
Over a lifetime, excess cortisol secretion contributes to the development of a variety of mood and anxiety disorders, including depression. [4] [5] [6] [7] Recent research findings have also shown that chronic elevation of corticosteroids leads to cognitive impairment associated with atrophy of the hippocampus. 4, 8 Stress has been implicated in the development of substance abuse/dependence. 5, 9 Moreover, a variety of medical conditions including hypertension, atherosclerosis, obesity, insulin resistance, dyslipidemia, bone demineralization, and impaired immunity are also associated with excess cortisol levels. 8, 10 Modulation of the stress response includes glucocorticoid (GC) feedback at the hippocampal and hypothalamic levels 11 and regulation by neuronal pathways, including the GABAergic inhibitory system. 12 The neurotransmitter GABA, which is the main inhibitory neurotransmitter in the mammalian central nervous system (CNS), inhibits the HPA axis through its actions on GABA receptors expressed by corticotrophin-releasing hormone (CRH) neurons within the paraventricular nucleus (PVN) of the hypothalamus.
the locus ceruleus-norepinephrine system that constitutes a central sympathetic system. 10 GABA actions are mediated by receptors belonging to three distinct classes, termed GABA A , GABA B , and GABA C . GABA A receptors are the most widely expressed in the CNS. These receptors are chloride ion channels, and seem to be formed by the assembly of five subunit proteins. To date, 16 human GABA A receptor subunits encoded by distinct genes have been identified, which have been grouped into seven different subunit classes: a, b, g, d, e, p, and y.
13, 14 The a, b, and g families contain multiple isoforms, including the GABA A a6 isoform, 14 which is located on chromosome 5q34. 15 A novel single-nucleotide polymorphism (SNP) in the 3 0 untranslated region of the GABA A a6 receptor subunit gene (GABRA6), with a T to C substitution at nucleotide 1521 that results in the loss of an AlwNI restriction site has been described. 16 Rosmond et al 17 examined this SNP in a Swedish population and found higher postprandial salivary cortisol levels in homozygotes for the T allele in comparison to heterozygotes, suggesting a role in the predisposition to hypercortisolism. In addition to physiological differences, behavioral and personality differences have been associated with genetic polymorphisms in GABA A a6 receptors. 18, 19 In this report, we tested the hypothesis that the 1521 T to C variant of the GABRA6 gene influences the hormonal and autonomic responses to psychological stress induced by the Trier Social Stress Test (TSST).
Methods

Subjects
Healthy subjects were recruited by newspaper advertisements from the Baltimore area. Persons who appeared to qualify for research participation based on a telephone screen were invited to the laboratory for an interview. After complete description of the study, volunteers provided written informed consent, approved by the Johns Hopkins Medicine Institutional Review Board. Subject assessment included a medical history and physical examination, blood chemistry profile, complete blood count, electrocardiogram, urinalysis, alcohol breathalyzer test, and urine toxicology screen; female subjects were tested in the follicular phase of their menstrual cycle. The Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA) 20 was administered by a Master's level interviewer to identify DSM-IV axis I and II psychiatric diagnoses. Exclusion criteria included: (a) serious medical conditions, (b) presence of a DSM-IV axis I and II disorder, including alcohol/drug dependence or abuse, (c) use of any psychoactive medications within the past 30 days, (d) treatment in the last 6 months with antidepressants, neuroleptics, sedative hypnotics, glucocorticoids, appetite suppressants, estrogens, opiate, or dopamine medications, (e) seizure disorder or history of closed head trauma, (f) report drinking more than 30 drinks per month, (g) unable to provide clean urine drug screens at intake or during study participation, and (h) pregnancy or lack of effective nonhormonal methods of birth control in females.
TSST Subjects reported to the study room at 1200 hours to undergo a modified version of the TSST; 21 they were fasting since 1000 hours. An intravenous catheter was placed in a forearm vein for blood sampling and subjects were secured to a pressure cuff, which recorded vital signs. During this waiting period, baseline blood samples were collected and heart rate and blood pressure were recorded at 1300, 1315, and 1330 hours. Subjects then listened to audio taped instructions of the performance task. In these instructions, they were told that they would be taking on the role of a job applicant for the position of hospital administrator and, in a 5-min speech, should convince a panel of interviewers that they were the best candidates for the job. Subjects were also told that following the speech, they would be asked to perform a 5 min oral mental arithmetic challenge that would be judged on speed and accuracy. They were given 10 min to mentally prepare for the task. Subjects were then escorted to another room and instructed to stand at the end of a long table with two interviewers sitting at the other end. One of the interviewers asked the subject to describe his/her qualifications for the job while another began operating a video camera. Subjects were given 5 min to complete their speech; they must fill the entire 5 min, and were prodded to do so by the interviewers. At the completion of the speech, subjects were given instructions for the mental arithmetic task. Subjects were told to repeat a four-digit number after the interviewer, subtract 13 from it, and call out the answer for 5 min. If a mistake was made, the subject started from the beginning. At the end of the mental arithmetic task, subjects were escorted back to the study room where they were asked to sit quietly for the remainder of the protocol. Immediately after the arithmetic task and at 15 min intervals, five additional blood specimens were drawn and blood pressure and heart rate were recorded at the same time points.
Psychometric instruments
The Beck Depression Inventory (BDI) 22 and the Revised NEO Personality Inventory (NEO PI-R) 23, 24 were completed 1 week before undergoing the TSST. The NEO PI-R is a 240-item questionnaire developed through rational and factor analytic methods to measure the five major factors, or domains, of personality: neuroticism (N), extraversion (E), openness to experience (O), agreeableness (A), and conscientiousness (C). Each factor or domain is represented by six facet subscales that are designed to capture more specific traits associated with the given factor. Items are answered on a five-point scale ranging from 'strongly agree' to 'strongly disagree', and scales are balanced to control for the effects of acquiescence. The items are simple statements describing general tendencies (eg, 'It's often hard for me to make up my mind' or 'I often crave excitement'). Normative internal consistency estimates for the selfreport scales for adults range from 0.59 to 0.92. 23 The 6-year stability coefficients range from 0.68 to 0.83 for N, E, and O. In validation studies with other selfreport instruments, the NEO scales have evidenced convergent and discriminant validity and have been related to a number of life outcomes, including ability to cope with stress.
The Spielberger State-Trait Anxiety Inventory (STAI) 25 was completed prior to and following the TSST.
Hormone assays
Hormones were assayed as previously described. 26 Plasma concentrations of ACTH were assayed by a two-site IRMA (Nichols immunoradiometric assay). Intra-assay and inter-assay coefficients of variance were less than 9%. Plasma concentrations of cortisol were measured by radioimmunoassay (Diagnostic Products Corporation, Inc.; Los Angeles, CA, USA). Intra-assay and inter-assay coefficients of variation were less than 7.5 and 9.0%, respectively.
Genotyping
Genotyping of the T1521C SNP was carried out by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP). Genomic leukocyte DNA (300-500 ng in a final volume of 25 ml) was amplified by PCR using the following primers: 5 0 -GGA GGC ACC AGT AAA ATA GAC CAG-3 0 and 5 0 -AAT ACT GAA CAA TGG AAG ACA AAA-3 0 . 16 The primers amplified a product of 423 bp. The PCR conditions included an initial denaturation step at 941C for 3 min, followed by 35 cycles of denaturation at 941C for 30 s, annealing at 531C for 30 s, and extension at 721C for 30 s, with a final extension of 10 min at 721C. The PCR reaction product was digested at 371C overnight with 5 U of the restriction enzyme AlwNI (New England Biolabs, Beverly, MA, USA), generating two fragments of 260 and 163 bp when the T allele was present. The fragments were assessed by ethidium bromide staining after electrophoresis on a 2% agarose gel.
GenBank citations. Accession number: The SNP has been registered in The National Center for Biotechnology Information database: rs3219151 (http://www.ncbi.nih. gov).
Statistical analysis
Preliminary analyses included evaluation of group differences in demographic characteristics with ANOVAs for continuous variables (age and body mass index) and w 2 analyses for categorical variables (gender and race). The major outcomes of interest were hormonal measurements, adrenocorticotropin (ACTH) and cortisol, and autonomic measurements (systolic, diastolic and mean blood pressure, and heart rate). All measurements were transformed to the logarithmic scale due to non-normality. The mean baseline for each variable was calculated by taking the average of the three baseline (pre-TSST) measurements and was also transformed to logarithmic scale due to non-normality. The mean baseline differences among groups were also analyzed with ANOVA. Hormonal and autonomic measurements are presented as percent of baseline (ie, the original variable at each time point divided by the baseline mean and multiplied by 100). Longitudinal analysis for each outcome was conducted using generalized estimating equations (GEE) 27 to take into account the correlation among repeated measurements obtained from individual subjects, over time. The following groups were compared: TT vs CC, CT vs CC, and CT vs TT. The model included a contrast for group difference as a major covariate of interest, time, and time 2 to adjust for nonlinear time trend. The initial model also included the demographic characteristics as covariates to adjust for the demographic differences. The demographic covariates were deleted if their estimates were not statistically significant. Post hoc t-tests were conducted to evaluate times at which the groups differed in hormonal and autonomic responses. No statistical differences in hormone or autonomic responses were observed between CT and TT groups; therefore, these two groups were combined for analyses, comparing hormonal and autonomic measurements in CT plus TT group vs CC group. In a different set of analysis, the hormonal and autonomic measurements were summarized as peak responses, which were defined as the greatest hormone or autonomic value from time 0 to 85 min. The peak responses were transformed to a logarithmic scale due to non-normality. Multiple regression analysis was used to compare peaks between groups in order to adjust for demographic differences. The demographic covariates were deleted if their estimates were not statistically significant.
Secondary outcomes of interest were the psychological assessments, including the NEO PI-R factors and facet subscales, the Spielberger State-Trait Anxiety Inventory, and the BDI. Multiple regression analysis was used to compare between groups in order to adjust for demographic differences. The demographic covariates were deleted if the estimates were not statistically significant. The analyses were two sided with a 0.05 significance level and were conducted with STATA 7.0.
Results
Demographics
Demographic characteristics of the three genotype groups are shown in Table 1 . Subjects were healthy, predominantly Caucasian (71.4%) and male (66%). All subjects were between the ages of 18 and 49 years, and all were nonsmokers. The groups were not 
ACTH
There were no mean baseline differences in plasma ACTH levels by genotype. Following the psychological stressor, CT and TT genotype groups did not differ from one another in ACTH responses over time; however, both groups had greater ACTH responses compared to CC subjects (Figure 1a ; P ¼ 0.020; P ¼ 0.090, respectively). In addition, the ACTH responses for the combined CT and TT genotype group were significantly greater than the CC group ( Figure  1b ; P ¼ 0.016). Results of post hoc analyses at each time point are indicated on the figures. Subjects expressing the combined CT and TT genotypes had greater peak ACTH responses compared to CC subjects (Table 2 ; P ¼ 0.005).
Cortisol
There were no mean baseline differences in plasma cortisol levels by genotype. Following the psychological stressor, the cortisol responses over time in subjects expressing the CT and TT genotypes did not differ from one another; however, both groups had significantly greater cortisol responses compared to subjects with the CC genotype (Figure 2a ; P ¼ 0.027; P ¼ 0.021, respectively). In addition, the cortisol responses for the combined CT and TT genotype group were significantly higher than the CC group (Figure 2b ; P ¼ 0.010). Results of post hoc analyses at each time point are indicated on the figures. Subjects expressing the combined CT and TT genotypes had greater peak cortisol responses compared to CC subjects (Table 2 ; P ¼ 0.040).
Over the 85 min observation period, all cortisol responses fell below baseline levels in 11 subjects, with six in CC genotype group, three in the CT genotype group, and two in the TT genotype group. 
Autonomic measures
There were no mean baseline differences in diastolic, systolic and mean blood pressure (BP) by genotype. Following the psychological stressor, the diastolic BP responses over time in subjects expressing the CT and TT genotypes did not differ from one another and were marginally greater than in subjects with the CC genotype (Figure 3a ; P ¼ 0.068; P ¼ 0.058, respectively). However, the diastolic BP for the combined CT and TT group was significantly higher than the CC group (Figure 3b ; P ¼ 0.040). Results of post hoc analyses at each time point are indicated on the figures. Subjects expressing the combined CT and TT genotypes had greater peak diastolic BP responses compared to CC subjects (Table 2 ; P ¼ 0.001).
Although BMI did not differ by genotype group or correlate with hormonal or diastolic blood pressure measures, BMI negatively correlated with mean BP (P ¼ 0.039) and peak mean and peak systolic BP (P ¼ 0.048; P ¼ 0.042, respectively). After adjusting for BMI, the mean BP responses over time in subjects expressing the TT genotype were significantly greater than in subjects with the CC genotype (P ¼ 0.022). In addition, the mean BP for the combined CT and TT group was significantly higher than the CC group (P ¼ 0.048, figure not shown). Subjects expressing the combined CT and TT genotypes had greater peak mean BP responses compared to CC subjects whether adjusted (P ¼ 0.001) or unadjusted for BMI (Table 2 ; P ¼ 0.007). The peak systolic blood pressure responses in subjects expressing the combined CT and TT genotypes were greater compared to subjects expressing the CC genotype when adjusted for BMI (Table 2 ; P ¼ 0.024).
The heart rate responses did not differ by genotype.
Psychological assessments. NEO PI-R
Behavioral data were collected in 47 subjects (CC ¼ 11; CT ¼ 26; TT ¼ 10). In the analysis of this subset, subjects with the CC genotype group scored significantly lower on the NEO factor of Extraversion compared to subjects with the TT and CT genotype (Figure 4 ; P ¼ 0.001; P ¼ 0.017, respectively). Within the Extraversion factor, CC genotype group subjects scored lower on warmth (P ¼ 0.015) and gregariousness (P ¼ 0.039) facet scales compared to the CT genotype group. Subjects with CC genotype group also scored lower compared to the TT genotype group on warmth (P ¼ 0.000), excitement seeking (P ¼ 0.015), and positive emotions (P ¼ 0.001). In addition, subjects with CC genotype scored lower than the combined CT and TT genotype group in warmth (P ¼ 0.002), gregariousness (P ¼ 0.058), excitement seeking (P ¼ 0.041), and positive emotions (P ¼ 0.028). There were no differences by genotype for scores on the Spielberger State-Trait Anxiety Inventory or the BDI.
Discussion
In the present study, we describe hormonal and autonomic responses to psychological stress as a function of a SNP within the GABRA6 gene. Subjects homozygous for the C allele had blunted ACTH, cortisol, diastolic blood pressure, and mean blood pressure responses to the Trier psychological stress test compared to subjects heterozygous or homozygous for the T allele. Gene loading was not present, as evidenced by no statistical differences in hormonal or autonomic responses between subjects homozygous and heterozygous for the T allele.
Numerous studies have shown marked interindividual variability in the magnitude of cortisol responses to a variety of stressors, 28 and it is estimated that genetic factors account for 50-62% of this variance. 3 The GABA system is a plausible candidate for modulating the stress response. Most of the GABA A receptor subunit genes are organized into clusters with GABRA2, GABRA4, GABRB1, and GABRG1 genes localized in chromosome 4p; GABRA1, GA-BRA6, GABRB2, and GABRG2 in chromosome 5q; and GABRA5, GABRB3, and GABRG3 localized in chromosome 15q; 29 the biological significance of this gene clustering is currently unknown. The individual subunits of the GABA A receptor exhibit a distinct regional and cellular distribution. Although characterization of subunit distribution in humans is not established, in the rat brain, a6 containing receptors are expressed almost exclusively within the cerebellar granule cells, where they co assemble with a b subunit and either a g or d subunit. 30 In addition, receptors containing a6 subunits have a low affinity for benzodiazepines. 31 Investigations suggest that variations in the GABA A receptor subunit genes contribute to differential risk for alcoholism and are associated with neuropsychiatric disorders.
18,32-38 A polymorphism in the GABA A a6 receptor subunit gene, Pro 385 Ser, has been associated to alcoholism and a lower level of response to alcohol. 39 Recently, an association between a specific haplotype of the GABA A a1 receptor gene and mood disorders has been suggested. 40 Exposure to stress activates the HPA axis, which is modulated by inhibitory tone imposed by GABAergic neurons on PVN CRH neurons. 12, 10 Thus, greater inhibition might induce the blunted ACTH and cortisol responses observed in our study in subjects homozygous for the C allele compared to subjects heterozygous or homozygous for the T allele. Our findings are in concordance with those of a previous study that suggested a role for the GABRA6 polymorphism in the predisposition to hypercortisolism, showing the same direction of association, with higher postprandial salivary cortisol in homozygotes for the T allele in comparison to heterozygotes. 17 The magnitude of hormonal responses observed in subjects homozygous for the T allele and heterozygous is nearly identical to what has been previously described for mixed gender, healthy population in response to the TSST. 41 Subjects homozygous for the C allele also had an attenuated diastolic and mean blood pressure response during the psychological stress challenge GABRA6 gene polymorphism and stress M Uhart et al compared to subjects expressing the other allelic variants. Measurements of heart rate and blood pressure have been used as indexes of HPA axis and sympathetic adrenomedullary reactivity to a psychological stressor; 28 thus, modulation of the stress systems by GABA neurons could be involved in the attenuated BP responses in subjects homozygous for the C allele observed in our study.
It is important to emphasize that the subjects enrolled in this study were healthy individuals without DSM-IV axis I or II diagnoses. Despite the relative emotional health of this population, significant differences in personality traits were detected as a function of genotype. Subjects homozygous for the C allele scored significantly lower on the NEO PI-R factor of Extraversion compared to subjects heterozygous or homozygous for the T allele. This difference in Extraversion scores resulted from the fact that CC subjects scored lower on four of the six subscales that compose the Extraversion factor. Specifically, the CC subjects scored lower in warmth, gregariousness, excitement seeking, and positive emotions. This personality profile characterizes an individual's preferences for social settings. 23 Lower scores describe persons who tend to avoid social stimulation, are more formal and reserved, have little need for excitement seeking and tend to be less exuberant than others; they prefer to be alone, yet they do not suffer from social anxiety. 23 Behavioral and personality differences have been associated with other genetic polymorphisms. In one study, Noble et al 42 reported an association between Novelty Seeking and polymorphisms in the D2 and D4 dopamine receptor. In another study, the personality trait of Extraversion was associated with D2 dopamine receptor variants and environmental factors. 43 Polymorphisms in the GABA A a6 receptor subunit and in the serotonin transporter gene have been associated with Neuroticism. 19 Our finding of a significant difference in a personality trait as a function of genotype extends this important line of research. We did not identify associations with other NEO PI-R personality factors, or with the BDI and the State-Trait Anxiety Inventory. Thus, GABRA6 might be more closely associated to extraverted personality characteristics than to anxiety or depressive-related clinical traits. Our findings are in concordance with previous work showing that low extraversion is associated with lower plasma cortisol levels; 44 however, our results differ from results in the same study in which subjects who scored low on extraversion evidenced higher systolic and diastolic BP. 44 Moreover, previous work have yielded mixed results in the association of Extraversion with autonomic activity. 45 Overall, these findings provide foundation for further research to elucidate whether personality moderates individual's physiological responses to stressful conditions.
Although other studies have shown modest effects of certain polymorphisms on circulating cortisol levels, 46, 47 to our knowledge, the present study represents the first report of a polymorphism associated with marked differences in cortisol responses to an acute stressor. An improved understanding of the genetic contribution to differences in the stress response has significant implications, because excess cortisol secretion has long been implicated in the development of a variety of illnesses; 8,10 therefore, subjects homozygous for the C allele may be protected from the deleterious effects of repeated exposure to stress. The high frequency of expression in the general population of the CC genotype suggests that the homozygote genotype could account for a substantial portion of individuals with an attenuated stress response.
A limitation of the present study is the small sample size; research employing larger samples will be required to more clearly examine the nature of these associations. Another possible limitation is that of population stratification; however, the genotype groups in our study were not statistically different in demographic characteristics. Furthermore, we found significant differences between the genotype groups in overall hormonal and blood pressure responses regardless of whether the analysis was adjusted or unadjusted for race, gender or age. In addition, it is important to remember that laboratory conditions are controlled approximations of daily stressors and, in this regard, one should be cautious about generalization of the pattern of responses seen in artificial settings to real-life situations. Whether the individual reactivity identified reflects a broadly expressed individual difference in the stress response or a variability of response limited to the specific stressor presented in this study needs further investigation.
Given that this polymorphism is not located in a coding region, regulatory region or splicing site, it is possible that it displays no functional relevance. In addition, the possible predominant cerebellar distribution of the a6 subunit questions the contribution of these specific GABA receptors in stress regulation. However, this subunit gene is organized into a cluster in chromosome 5q with a1, b2, and g2 subunit genes, which compose the most common receptor type in the brain.
14 Therefore, the polymorphism described may be in linkage disequilibrium with another site within the GABRA6 gene or these genes located in close proximity, which is instead responsible for the effects observed in our study. To further this research, additional polymorphisms should be identified within this gene cluster and combined using haplotype analysis. This will provide more insight into the complexity of the GABA A receptor genes in the stress response.
In summary, the T1521C polymorphism of the GABRA6 gene is associated with a marked attenuation in HPA axis and blood pressure response to psychological stress, as well as lower scores on the personality factor of Extraversion as assessed by the NEO PI-R. The findings suggest a role for genetic mediated regulation of the stress response, and provide a basis for future investigations into the genetic basis for stress responsiveness in human health and disease.
